A critical analysis of photoionization as the major process for seed electron production ahead of the cathode-directed streamer has been made. The accumulation of O − 2 ions between pulses and fast electron detachment in an electric field could be an effective source of seed electrons for repetitively pulsed discharges in electronegative gases. Measurements and two-dimensional calculations in the hydrodynamic approximation of streamer parameters in air (anode current, propagation velocity and radiative channel diameter) can only agree if one assumes uniform background pre-ionization and not by taking into account only the photoionization process generally adopted for pulsed discharges in air. The results of analytical estimates and full three-dimensional simulations confirm that the seed charge distribution in the undisturbed gap has an effect on the streamer head formation and leads to the streamer branching phenomena.
(Some figures in this article are in colour only in the electronic version)
Introduction
Electron-impact ionization, charged particle drift in the high electric field of the streamer head and chemical processes in the streamer channel play key roles in the development and quenching of streamer discharges. These processes are well understood (see, e.g. [1] [2] [3] [4] [5] [6] [7] ) and in recent decades numerous computer simulations of streamer breakdown in an overvoltage discharge gap with various electrode configurations have been demonstrated.
Recently [8] an experimental investigation of a cathodedirected streamer discharge in synthetic (dry) air in the pressure range of 760-300 Torr was made, and the results were compared with direct numerical simulations in a twodimensional hydrodynamic approximation. Calculated and measured values of the anode current and of the velocity of discharge propagation agreed within 30-35%. These investigations have also shown that the streamer channel diameter varies proportionally to inverse pressure, but the 1 On leave from Moscow Institute of Physics and Technology, Russia. measured and calculated diameters differ by a factor of approximately two in the greater part of the pressure range investigated. The authors could not explain the reason for such a discrepancy.
To propagate a cathode-directed streamer, rather than an anode-directed one, seed electrons must be produced in front of the streamer head, otherwise charge cannot be carried into the discharge gap. The seed electron distribution in front of the cathode-directed streamer head also influences the characteristics of the discharge itself (see, for instance [9] and references therein). The process that produces seed electrons and permits secondary avalanches in front of the head leads to an expansion of the spatial charge channel and to its progression towards the cathode.
It is very often assumed that the only mechanism for this is gas photoionization by radiation produced from the streamer head. However, pre-ionization caused by 'natural' ionization sources or by accumulation of residual charged particles in the pulse-periodic regime can also provide a sufficient amount of seed electrons.
Photoionization in pulsed gas discharges
The role of photoionization by the streamer head during cathode-directed streamer propagation was initially pointed out by several investigators [1] [2] [3] [4] . Measurements were made [10] [11] [12] [13] of the rate of photoelectron production by remote collisional ionization. However, the processes that lead to the initiation and transport of this radiation are still not fully understood.
A semi-empirical theory of photoionization based on experimental results has been only developed for nitrogenoxygen mixtures [14] . The rate of photoelectron appearance at point r by emission produced at r 1 is given by
where p is the gas pressure, p q the quenching pressure, p O2 the oxygen partial pressure, S ion the ionization rate and
is the coefficient of absorption of the ionizing radiation in the medium.
The quenching pressure p q = 30 Torr [14] corresponds to the pressure of N 2 (C 3 u ) state quenching. Identification of the emitting and ionized states (made, e.g. in [15] ) confirms that emission from the N 2 (C) state cannot produce photons with energies higher than about 4.4 eV [16] and cannot lead to direct ionization of a molecule. Thus, the quenching parameter of the N 2 Rydberg singlet states proposed in [14] and generally used in simulations cannot be correct.
At the same time, recent near-to-atmospheric-pressure measurements [17] demonstrate significantly lower values for the photoionization rate (more than one order of magnitude less) than that measured in [10, 12] and used in model [14] .
The authors of [17] proposed a few reasons for such a disparity. It is clear that the plasma composition in the region of high electric fields determines the emission spectrum and that the low-current source of ionizing radiation used by the authors [17] differs from the source used in the experiments of [10, 12] . Moreover, those measurements were made in a closed chamber where the concentration of ozone O 3 and nitrogen oxides NO x can rise up to very high values. The presence of these products can also change the absorption properties of the gas mixture.
One more remark must be made, namely that authors of experimental measurements rarely analyse electron photoemission from the walls of the detectors under emission from the discharge, while that phenomenon can significantly affect the measured rate of secondary electron generation.
Finally, I wish to summarize that the use of the photoionization rate based on model [14] and measurements [10] may lead to significant overestimation of the photoelectron production rate.
Another mechanism for photoelectron production was proposed in [18] , where the origin of the ionizing radiation emitted by the positive corona discharge in air was attributed to soft x-rays generated by electron bombardment of the anode surface. Further investigations [19] have shown this process to be improbable because of the very high attenuation of radiation by the light protecting envelope around the photographic film used in [18] .
Seed charge density in repetitively pulsed gas discharges
The 'natural' level of charged species on the earth's surface is mainly determined by ionizing radiation. According to the United Nations Scientific Committee on the Effects of Atomic Radiation, the major sources of radioactivity as a percentage of the dose received by an average individual are inhaled or ingested radioactive elements (40%), mean exposure of medical origin (34%), telluric radiation (13%), cosmic radiation (10%) and industrial activities (3%) [20] .
Pre-ionization caused by terrestrial radiation
The most significant of the sources is the gaseous nuclides in uranium and thorium decay chains, which concentrates in enclosed areas such as buildings. The most important is radon, whose formation and decay scheme is: Pb (22 years)-β. The most efficient product for gas ionization in the decay chain is the alpha particle ( (1-2) × 10 5 electron-ion pairs produced along the path (see, e.g. [22] ).
An effective rate of the electron-ion pair appearance in air due to a normal concentration of radon is up to Q = ζ α W α 10 cm −3 s −1 , which corresponds to a maximum equilibrium charge density N max 10 3 -10 4 cm −3 and is in good agreement with experimental measurements.
Actually, the fact that the given density corresponds to open area measurements whereas the experiments are in a chamber presents two limiting factors. First, diffusion of the charges to the metallic surfaces and their further neutralization can significantly decrease charge density in the gap. Second, α and β radiation are completely absorbed in a metal after only a few tens and hundreds of micrometres, respectively.
Consequently, the pre-ionization level for high purity gases in a metallic chamber by exterior radon radiation is negligible, and ionization by cosmic radiation should be taken into account.
Pre-ionization caused by cosmic rays
The scientific literature has adopted three stages for cosmic rays: primary cosmic rays, the initial particle flux external to the earth's atmosphere; cascade cosmic rays, the intermediate flux within the atmosphere and sea-level cosmic rays, the final terrestrial flux of particles. Less than 1% of the primary galactic particles can create a cascade which reaches sea level. The cascades do not continue to increase in size as they penetrate the atmosphere, for there are also many absorption processes. Most of the particles either decay spontaneously (pions have a mean lifetime of nanoseconds, muons about a microsecond) or they lose energy and reach thermal energies before reaching earth, so that these particles are lost from the cascade. The maximum cascade density of particles occurs at an altitude of 15 km (Pfotzer point) [23] .
The results of [24] demonstrate the two most abundant particles at sea level: muons (total flux of about µ 2 × 10 −2 cm −2 s −1 ) and neutrons (∼10 −2 cm −2 s −1 ). Both types of particles easily pass through solid matter (building walls, metallic chambers, etc). In spite of the fact that neutrons are responsible, for example, for soft errors in computers [24] , gas pre-ionization level mainly forms by electrons and positrons produced in the muon decay process [23] .
Direct calculation of electron-ion pair production due to cosmic rays is highly laborious, and as an estimation one can use the muon flux µ as a source of electron-ion pair production. This is in good agreement with pre-ionization levels of N = 20-70 cm −3 measured in 'ultra-clean' cores of vacuum electronic working areas [25] .
Thus, for measurements in closed metallic chambers the source rate of pre-ionization caused by cosmic rays Q 10 −3 cm −3 s −1 can be used as the most reliable. Uncertainty with the rate of ionization source may appear confusing, but, as will be shown later, the precise value of Q does not play a significant role for conditions of this paper because charge production by external sources is not the only way of charge appearance in a gas. Actually, an effect of residual charge accumulation for repetitively pulsed streamer discharges may also play a significant role.
Residual charges accumulation in repetitively pulsed discharges
During the decay of a streamer plasma, different processes are responsible for charge transformation and reduction on different timescales.
• Just after a discharge, electron attachment to molecular oxygen is the major process for negatively charged species transformation [26, 27] :
The exponential decay time of the process (2) at atmospheric pressure is
2 ) −1 = 2 × 10 −8 s after the end of the discharge for thermal electrons.
• Due to very fast positive ion conversion, for times that are greater than t 1 , the streamer plasma mainly consists of O − 2 negative and O + 4 positive ions (see, e.g. [28, 29] ). Two and three-body ion-ion dissociative recombination determine the rate of the plasma decay [26] :
Mark M represents molecules N 2 and O 2 . Asymptotic behaviour of charge density reduction for times t
s is well known:
• On a large timescale, bulk charge production due to 'natural' sources and ion diffusion to metallic surfaces and its further neutralization forms a stationary distribution over the gap. For repetitively pulsed gas discharges, due to the accumulation of seed charges in the gap, one can neglect charge losses from the channel in the radial direction and so finally the master equation for charge density N transformation for t t 2 is
Equation (6) with zero boundary conditions was solved numerically for a 2 cm needle-to-plane interelectrode gap filled with 1 atm dry air and corresponds to the experiment [8] . The diffusion coefficient for atmospheric negative ions D ion = 5 × 10 −2 cm 2 s −1 was taken from [5, 30] . Calculated charge profiles along the axis of the gap are presented in figure 1 at various times for source term Q = 10 −3 cm −3 s −1 . The initial charge density used in the calculation is 10 14 cm −3 , which is typical for streamer plasmas at atmospheric pressure, but according to processes (3) and (4) the exact initial value does not play a role for times t t 2 . The stationary distribution of charges exhibits a maximum inside the gap and rapidly decreases close to the electrodes. In accordance with (6) , in the middle of the gap diffusion losses become significant after the diffusion time [5] 
and for not very high source rates (that is usually true for all experimental measurements of streamer discharges)
For a very low repetition rate of the discharge (f t −1 diff ), the stationary distribution of seed charges depends on 'natural' sources of ionization and on diffusion losses only
But for the gap used (L = 2 cm) equation (7) gives t diff = 8 s for dry air at atmospheric pressure; thus, for the conditions of experiment [8] the pre-ionization level is mainly controlled by recombination of a streamer plasma from previous discharges and can be estimated according to (5) in the whole volume except in the near electrode region where diffusive losses dominate over recombination, i.e. for π(
Both the plasma density decay (5) and the diffusion time (7) are pressure dependent. The time evolution of the charge density in the middle of the gap at different pressures calculated according to (6) is presented in figure 2 for pressures 0.1 and 1 atm for two limiting rates of ionizing sources: 10
and 10 +1 cm −3 s −1 . The initial charge density used in these calculations is 10 14 cm −3 at atmospheric pressure and linearly changes with the pressure according to [8] .
It follows from figure 2 and equation (5), for the experimental conditions of paper [8] , for pressures 1.0-0.5 atm and discharge repetition rates 0.5-10 Hz, that the seed charge density is mainly determined by residual charge accumulation between pulses and the level is between 10 5 and 10 7 ion pairs per cubic centimetre.
Seed charge density in single-shot discharges
The question of pre-ionization for single-shot discharges exceeds the bounds of this paper, but a few remarks can be made. For the first, according to figure 2 a discharge can be considered as a single discharge only for frequencies less than 10 −2 Hz at atmospheric pressure for the discharge geometry used here.
A very low level of seed charges can exist in the gap (about 10 −2 cm −3 ), if one considers the cosmic ray pre-ionization scheme only. It is unlikely that such a low density can lead to a discharge appearance, even if one takes into account the stochastic nature of the pre-ionization source. Thus, a presence of a negligible radon admixture seems to be responsible for gas pre-ionization in real experimental conditions.
It is necessary to emphasize that pre-ionization and photoionization do not play a vital role for avalanche-tostreamer transitions and the simultaneous formation of positive and negative streamers. In such a case the cathode-directed (positive) streamer propagates in the trace of the primary avalanche where not only positive but also negative ions exist.
Actually, the ratio of negative to positive ions depends on reduced electric field and ranges between 1 for the breakdown field 120 Td to about 10 −3 for a field higher than 10 3 Td (see, e.g. [29, 31] ), which is sufficient for positive streamer propagation according to the scheme considered in this paper.
Minimum density of electronegative admixture
The major assumption of the model of streamer initiation, propagation and branching presented further is the presence of electronegative gas admixtures (O 2 , CO 2 , H 2 O, CO, etc). The minimum density of such admixtures can be easily estimated, for example, for a small addition of O 2 in pure nitrogen such
1. The major reaction that leads to the attachment of a thermalized electron is [26] :
The time of this process
2 ) −1 needs to be less than the electron diffusion time (7). The electron loss at typical streamer plasma densities is determined by ambipolar diffusion with coefficient D a 2D ion , i.e.
For a 2 cm gap in nitrogen at 1 atm with an admixture of O 2 , equation (11) gives the value δ 5 × 10 −9 . This means that for experiments in gases of less than ultra-high purity the effect of seed ion accumulation should be taken into account for the correct interpretation of experimental data.
Similar inception probabilities for corona discharges in N 2 , O 2 , ambient and dry air measured in [45] confirm this idea. The authors of that paper reported also that the streamer lengths for air and nitrogen are very similar and significantly differ from the lengths for pure oxygen, although this is rather connected with a strong electron attachment (and, of course, conductivity losses) in the channel of the streamer in pure oxygen.
Process of fast electron detachment
The relative importance of atmospheric negative ions in corona formation and breakdown has been investigated many times (see, e.g. [32] ). As already mentioned, the main negatively charged species in cold air plasmas is O − 2 , but only free electrons play a role in streamer propagation. Processes responsible for electron detachment in cold air plasma are associative detachment, photodetachment and detachment in ion collisions with excited and unexcited neutral particles.
Nowadays it is ascertained that the O . Subsequent stabilization by a third body removes excess energy causing transitions to nonautoionizing levels of the ion, namely, v = 0-3. The rate of electron attachment as well as detachment were measured in oxygen and air many times (see, e.g. [36] [37] [38] and references therein).
From another point of view, an extrapolation based on photodetachment measurements [39] yields detachment energy of ε v =2 = 0.15 eV that corresponds to the potential energy of the v = 2 vibrational level. The importance of vibrational excitation of O − 2 was mentioned by many investigators and it could be responsible, for example, for abnormally high detachment rates registered in the ionosphere at night [33] .
At the conditions of repetitively pulsed streamer discharge one can assume that vibrational relaxation of the plasma is not complete and vibrational distribution of the seed ions is strongly overpopulated at high nonautoionizing vibrational levels.
In that case, experimentally measured rate of electron detachment should be corrected for the vibrational excitation.
In the presence of an electric field, ions begin to move with the mobility µ i 2 cm 2 (V s) −1 [5, 30] . Ions gain energy mainly through transport collisions with unexcited nitrogen molecules via polarization interactions. From a formula given by Wannier [40] , the mean energy of an O − 2 ion is ε i = 3/2kT + mv 2 i . Thus, ion energy reaches the detachment energy from the second vibrational ion level ε v =2 in an electric field, which exceeds 150 Td at atmospheric pressure, and detachment occurs in a few collisions. The estimated value of the critical electric field is in good agreement with the experimentally measured value of 38 kV cm −1 at atmospheric pressure [41] .
One more phenomenon that could change the detachment rate measured experimentally under stationary conditions is connected with influences of nonlocal and nonstationary effects on ion distribution function formation [42] .
Finally, in this paper an instantaneous detachment was assumed for electric fields higher than 150 Td for all following calculations.
One more process that at least theoretically can lead to fast detachment is photodetachment. The dominant contribution to the radiation spectrum of an N 2 -O 2 mixture acted upon by a nanosecond discharge in the visible and ultraviolet regions is made by the 2 + system of nitrogen corresponding to the N 2 (C 3 u → B 3 g ) transition with a mean photon energy of about 3 eV which corresponds to a detachment cross section of σ det 3 × 10 −18 cm 2 [39] . For a typical density of the N 2 (C) state in a streamer head (about 10 13 -10 14 cm −3 ) this process seems to be negligibly slow for O − 2 ion destruction in dry air, but it can be responsible for the destruction of complex and cluster negative ions in other gases (O − 2 · (H 2 O) n in humid air, for example).
Comparison of numerical simulations with experimental measurements
From the discussion above we can conclude that seed electron production ahead of the streamer head can result not only from gas photoionization but also from fast electron detachment from negative ions in high electric fields.
Recently [8] we reported the results of an experimental investigation of a cathode-directed streamer discharge in synthetic air in the pressure range of 760-300 Torr. The discharge was investigated in the point-to-plane (with a rounding radius of 40 µm) geometry for an interelectrode gap of 25 mm. The amplitude of the voltage pulse was 22 kV, with a half-height duration of 22 ns and with about 8 ns rise and fall times.
In this paper a direct comparison of numerical results of single streamer development for the experimental conditions above are presented for two cases.
• In the first case, the gas photoionization process according to (1) is the only source of seed electrons. Actually, this result has been published in [8] and only minor updates of the model have been made here.
• In the second case, the model does not include photoelectron production and the streamer develops in the gap with a uniform distribution of seed O − 2 ions only at a level of 10 5 and 10 7 cm −3 .
The numerical model
Although gas-discharge plasma contains many species of electronically excited particles, simple and complex ions, etc, such factors as a relatively insignificant heating of the streamer channel and relatively low degrees of excitation, dissociation and ionization of the gas allow us to conclude that, at timescales of interest to us (30 ns), the discharge electrodynamics is governed primarily by the charged particles [28] . The motion of charged particles, namely electrons n e and positive n p and negative n n ions, is described by the balance equations (12)- (14) within a two-dimensional hydrodynamic approximation combined with Poisson's equation (15) for the calculation of the electric field distribution in the gap,
Here, ϕ is the electric potential; v e the drift velocity in the local electric field E ( E = −∇ϕ) and S ion , S ei rec , S ii rec , S att and S photo are the rates of ionization, electron-ion and ionion recombination, electron attachment and photoionization (for the first case only), respectively. Details of the numerical model and kinetic processes used can be found in [8, 29] .
One commonly assumes that ions are immobile during a streamer development, and this is partially true. Actually, the motion of positive ions is important only in the vicinity of the electrode tip, this motion is responsible for diminishing the voltage step formation near the tip. By neglecting the ion motion, a region of high electric field forms near the tip, but it only slightly affects the streamer parameters.
In paper [28] it was shown that charge exchange and ion conversion N ions. Thus, these species can be directly associated with the designations n e , n p and n n made before [8] . 
Main results of the comparison
Initially, the gas in the gap was assumed to be fully quasineutral and, in order to initiate the formation of a streamer channel, a Gaussian pre-ionization profile was assumed with a maximum of 10 14 cm −3 and axial and radial lengths of 0.1 mm and 0.05 mm, respectively. By varying the level of initial pre-ionization, it was demonstrated that this condition has a significant effect on the start delay time and almost no effect on the streamer characteristics when removed to a distance of about 0.5 mm from the electrode tip [9, 29] .
Streamer propagation is very similar for both sources of seed electrons used in this paper except for the radius of curvature of the streamer head; use of the photoionization source leads to a strongly nonuniform seed electron distribution. Thus, only direct comparison between calculated and measured streamer parameters can give us the answer as to which is the real process of seed electron production for pulsed positive discharges in air.
The results of such a comparison are presented in figures 3 and 4. Experimental points are represented by filled (for a multi-channel streamer corona) and hollow circles (for a single streamer regime), while the results of the simulation are represented by lines and correspond to cases with the photoionization source and without it for different seed ion levels.
For a better understanding of the results, we recall that the model simulates the development of a single channel, whereas experimentally a group of streamers is observed at pressures higher than 500 Torr. The results of the numerically simulated phenomena of streamer screening in the flash [43] confirm that this is the major reason for the differences between measured values in the flash and single-streamer calculated current and velocity.
Nevertheless, the comparison of calculated and measured values of anode current and propagation velocity demonstrates adequate agreement for all calculated cases. This is indicative of its weak sensitivity to the level and spatial distribution of seed electrons, i.e. to the structure of the discharge head.
The results of investigations [8] have shown that the streamer radiative channel diameter (determined by the 2 + emission system of N 2 ) varies inversely with pressure. That experimental result and the results of this paper's numerical simulation are presented in figure 5 .
It follows from the figures that the measured streamer channel diameter exhibits a significant difference with the calculated diameter if only photoionization has been taken into account. Comparison reveals that the measured and calculated values for this case differ by a factor of approximately two in the low pressure part of the investigated range.
With this result, we have to conclude that the gas photoionization model proposed in [14] does not lead to a satisfactory agreement between calculated and measured streamer parameters, even for a single discharge.
It is impossible to eliminate this disparity by varying the photoionization rate-any change affects streamer parameters in the whole pressure range, and the only way for a better fit is to change the spatial distribution of photoelectron appearance.
In contrast, radiative streamer diameters calculated on the basis of seed charges are in good agreement with the experimental measured values in the whole pressure range.
Streamer start
In the conditions of the proposed model the probability P for a positive streamer start is just the probability of a seed ion appearing in the vicinity of the electrode tip because of a short avalanche-to-streamer transition length
Herein, R el is the radius of curvature of the electrode tip. An effective volume (where an ion should appear to lead to the streamer start) corresponds to a distance r max at which the electric field is still high enough for fast detachment (150 Td or E min = 38 kV cm −1 at normal pressure). The electric field E(z) at distance z from the electrode at potential U can be described by equation [6] 
For a low-frequency discharge, i.e. for distribution of seed charges (9), we can finally write for the density in the middle of the gap
In paper [45] a streamer start probability of pulsed positive corona discharges was determined in different gases including air. That study was performed at a pressure of 1 atm in a 25 mm point-plane gap with 15 µm tip radius of the anode needle. The probability of corona discharges inception as a function of the voltage is the same for all molecular gases starting with 1% at 4 kV and going up to 100% at 9 kV [45] .
The voltage at which a discharge starts with 50% probability is 7.5 kV, which corresponds to N max 10 6 cm −3
peak seed charge density according to (18) , and such a density can be the result of about 1 Hz repetitively pulsed discharge (figure 2). Moreover, the theoretical dependence of the streamer start probability P ∝ U 2 (18) is also in good agreement with measurements [45] .
It is common that there is seed charge fluctuation, but its role is not clear because even for a uniform distribution the mean distance between charges is l = N −1/3 max 100 µm, which is very close to a typical streamer diameter of 50-100 µm [44] .
In such a way, detachment phenomena seems to be responsible not only for streamer starts but also for streamer branching phenomena.
Streamer branching
Attempts to describe positive streamer branching through degradation of the streamer front stability due to photoionization processes [15, 46] do not hold up against critical analysis [47] and do not conform with the experiment [8] .
There are two experimental observations which should be noted. First, the tendency of the branching frequency to diminish with increasing streamer repetition rate is a wellknown fact. In a train of streamers studied in [48] , only the first observed streamer developing in an unpolluted gap has a branching structure. The following streamers arise in an environment already affected by previous streamers and do not exhibit branches.
Second, only up to 5-6 branches were measured in paper [8] , whereas for very similar conditions in paper [44] , the number of branchings rises up to a few hundred. The major difference between these mentioned papers is the voltage pulse frequency; use of a higher repetition rate in [8] , as shown in this paper, leads to a higher density and homogeneity of seed charges.
Both observations can be considered good confirmations of the streamer branching physical model proposed in [49, 50] . It predicts that streamer branching is begun with the appearance of a small stochastic nonuniformity in electron distribution around the streamer head due to the large distance between seed charges and the discreteness of the detachment process.
In papers [51, 52] a mathematical model of the initial stage for filament branching was proposed using a two-dimensional simulation. By analysing the streamer formation time from an initial nonuniformity at various electric fields and taking into account the effect of filament shielding by fields of nearby streamers, the authors of [52] estimated the maximum field for streamer branch formation to be about 430 Td.
Taking into account the results of the present work, we can conclude that there is an optimal electric field range for streamer branching of 150-430 Td limited by the detachment process and filament screening during the branching.
Nevertheless, a direct three-dimensional simulation must be used for quantitative analysis of the physical model described above. There are only a few publications concerning three-dimensional simulations of a streamer [53] [54] [55] . Within the framework of the models treated in the first two of them (with symmetrical and monotonous initial distributions and boundary conditions), branches cannot be formed. In the last one, the authors suggest very disputable criteria for branching, and their paper should be considered rather for the possibility of streamer branching simulation.
The three-dimensional simulation made in this paper is based on the two-dimensional model already presented (12)-(15) for the same mesh structure and size. The initial stage of streamer formation for the conditions of this paper (according to measurements [8] ) is presented in figures 6 and 7 for pressures of 1 and 0.5 atm. Only a small space (X = −0.5 to 0.5; Y = −0.5 to 0.5, Z = 0.5 to 1.5 cm) is presented in the figures. An ellipsoid-shaped electrode tip placed along the Z axis ending at point (0,0,1) appears in the images.
Two regions can be easily distinguished in figures 6 and 7 near the tip. Outside of the plasma cloud formed at time moment 10 ns, the electron density is low and exhibits a significant irregularity (at typical level of 10 2 -10 3 cm −3 ) due to the stochastic distribution of seed charges. Even separated avalanches are present in that region.
The density inside of the cloud is significantly higher (up to 10 15 cm −3 ). For the higher pressure a formation of four thin streamer channels inside of the cloud can be traced in figure 6 , while a quasi-uniform wide spherical wave formation is only observed for the lower pressure in figure 7 .
Note that the results of this three-dimensional simulation are in quite good qualitative agreement with experiment [8] and with two-dimensional simulation [52] , but precise simulations of streamer branching are not the major aim of this paper and forthcoming detailed results will be presented soon.
Conclusions
An analysis of seed charge production preceding the front of a positive pulsed gas discharge was performed. The processes taken into account were photoionization by radiation emitted from the streamer head, ionization by terrestrial and cosmic radiation and charge accumulation for repetitively pulsed gas discharges. It was shown that for gas purities less than 10 −8 , pre-ionization by atmospheric radon and seed charge accumulation should be taken into account for the correct interpretation of pulsed nanosecond gas discharge phenomena.
By use of a direct two-dimensional model in the hydrodynamic approximation, the parameters of a streamer discharge in dry air were obtained and compared with experimental measurements. It was shown that calculated anode current and propagation velocity demonstrate a weak sensitivity to the level and distribution of seed electrons. Good agreement between calculated and measured values was obtained.
Moreover, the simulation led to the conclusion that the photoionization model commonly accepted for pulsed discharges in air cannot give good agreement for the diameter of the streamer channel. Satisfactory agreement between calculated and measured streamer parameters for a 0.5-10 Hz repetitively pulsed discharge in a 2 cm gap was only possible for uniform background pre-ionization at a level of 10 5 -10 7 cm −3 , which corresponded to residual O − 2 ion density accumulation.
Results from analytic estimates and fully threedimensional simulations confirmed that seed charge discreteness exclusively determines streamer head structure and properties as well as onset and branching phenomena.
